NY-ESO-1 is a germ cell antigen aberrantly expressed in different
T
he immune system is able to influence the development of cancer and shape the antigenic profile of emerging cancer cells (1) . Vaccination approaches designed to harness this powerful response have flourished in recent years (2) (3) (4) . With the ever-increasing number of tumor antigens being discovered by T cell epitope cloning (5) and SEREX (6) , the field of cancer vaccine development has been placed on a firm foundation. Cancer͞testis antigens, a category of gene products defined by their frequent expression in tumors and their restricted expression in normal tissues (germ cells), have emerged as near-ideal candidates for cancer-specific immunotherapies (7, 8) . Among them, NY-ESO-1 (9) is of particular interest because of its capacity to elicit both humoral (10) and cellular (11) responses in a high frequency of cancer patients with NY-ESO-1 expression in their tumors.
In 1998, Jäger et al. (11) described three peptides from NY-ESO-1 recognized by CD8 ϩ T cells from a mixed tumor͞ lymphocyte culture. The three peptides, 155-163 (Q9T), 157-165 (S9C), and 157-167 (S11L), have overlapping sequences and are restricted by the HLA-A2 molecule (Fig. 1) . To determine whether these peptides were independent epitopes or not, a study was designed to assess the frequency of specific T cell responses to the three peptides in HLA-A2 ϩ patients with advanced NY-ESO-1 ϩ tumors and to correlate it with the presence of serum antibody to NY-ESO-1 (12) . In a series of 36 patients, a substantial proportion had spontaneous and concomitant NY-ESO-1 antibody and CD8 ϩ T cell reactivity against NY-ESO-1 peptides. It appeared that peptide Q9T was not frequently immunogenic, that S9C and S11L had overlapping reactivities, and that in vitro stimulation with either S9C or S11L led to cross-reactive responses.
A clinical trial was designed to study the immunogenicity of NY-ESO-1 peptides S9C and S11L along with granulocytemacrophage colony-stimulating factor as an adjuvant in patients with NY-ESO-1 ϩ tumors (4) . Peptide immunization was effective, as NY-ESO-1-specific CD8 ϩ T cell responses to S11L and S9C could be detected in most vaccinated patients without preexisting immunity to NY-ESO-1.
Upon detailed analysis of T cell activity against the immunizing peptides, it appeared that T cell reactivity against S11L appeared earlier in the course of vaccination than against S9C, despite simultaneous administration of the peptides and previous findings of cross-reactivity.
We analyze here the fine specificity of these T cell responses and describe an epitope from NY-ESO-1, 159-167 (L9L), presented by HLA-A2, that appears as a result of vaccination.
Materials and Methods
Patients. Patients analyzed in this study are described in Table 1 . Informed consent was obtained for enrollment in three Institutional Review Board-approved immunization protocols sponsored by the Ludwig Institute for Cancer Research: LUD97-008, which has been described (4), LUD00-019, and LUD97-012. For LUD00-019 and LUD97-008, briefly, HLA-A*0201 ϩ patients were immunized each week intradermally with 100 g of Abbreviations: PBL, peripheral blood lymphocyte; EBV, Epstein-Barr virus; DC, dendritic cell; IC, immune complex; APC, antigen-presenting cell. ‡ To whom reprint requests should be addressed. E-mail: gnjatics@mskcc.org. peptide S9C and S11L in PBS 33% DMSO, and SC injections of granulocyte-macrophage colony-stimulating factor at 75 g͞day were given weekly as an adjuvant for 2 days (LUD00-019) or 6 days (LUD97-008). For LUD97-012, patients received two consecutive weekly intradermal injections of 33 g of S9C and S11L peptides spaced by 4 weeks, and 20 g͞kg Flt3 ligand for 14 days every month as an adjuvant. T cells were either pulsed with 10 M peptide or infected with Ad͞ESO at 1,000 units͞cell, overnight at 37°C in 250 l serum-free medium (X-VIVO-15, Bio-Whittaker). Pulsed or infected APCs were then washed, irradiated, and added to the plates containing CD8 ϩ T cells, at a concentration of 1 ϫ 10 6 APCs per well. After 8 h, IL-2 (10 units͞ml, Roche Molecular Biochemicals) and IL-7 (20 ng͞ml, R&D Systems) were added to culture wells, and this step was repeated every 3-4 days, until the cells were harvested for testing.
Tetramer Synthesis and Assay. HLA-A2 tetrameric complexes were synthesized as described (12, 14) . Tetramers were assembled with NY-ESO-1-derived peptides S9C (157-165), S11L (157-167), or L9L (159-167). Presensitized CD8 ϩ T cells in 50 l PBS containing 3% FCS (Summit Biotechnology, Fort Collins, CO) were stained with phycoerythrin-labeled tetramer for 15 min at 37°C before addition of Tricolor-CD8 mAb (Caltag, South San Francisco) and anti-CD62L mAb (Caltag) for 15 min on ice. After washing, results were analyzed by flow cytometry (FACSCalibur; Becton Dickinson). To generate dendritic cells (DCs), CD14 ϩ monocytes were enriched by negative selection with magnetic beads (Dynal) and then incubated in RPMI with 10% FCS, 1,000 units͞ml granulocyte-macrophage colony-stimulating factor (PharMingen) and 1,000 units͞ml of IL-4 (PharMingen). On day 6, immature DCs were harvested and used for antigen presentation assays.
Immune Complex (IC) Formation and Loading. NY-ESO-1, MAGE-A1, and MAGE-A3 proteins were expressed in Escherichia coli as histidine-tagged full-length proteins and purified as described (10) . The purified proteins were specifically reactive with the corresponding mAbs ES121 (anti-NY-ESO-1 IgG1), MA454 (anti-MAGE-A1 IgG1), and M3H67 (anti-MAGE-A3 IgG1), generated from mice immunized with recombinant proteins (10) . Protein (5 g͞ml) and mAb were mixed at a 4:1 molar ratio in serum-free RPMI and incubated at 37°C for 30 min to form ICs, and then added to 1.5 ϫ 10 5 DCs in RPMI supplemented with 10% FCS, 1,000 units͞ml granulocyte-macrophage colonystimulating factor, and 1,000 units͞ml IL-4 for 7 h at 37°C (15) .
ELISPOT and CYTOSPOT Assays. For ELISPOT assays, f latbottomed, 96-well nitrocellulose plates (MultiScreen-HA; Millipore) were coated with IFN-␥ mAb (2 g͞ml, 1-D1K; MABTECH, Stockholm) and incubated overnight at 4°C. After washing with RPMI, plates were blocked with 10% human AB-type serum for 2 h at 37°C. Presensitized CD8 ϩ T cells (5 ϫ Plates were then washed thoroughly with water containing 0.05% Tween 20 to remove cells, and IFN-␥ mAb (0.2 g͞ml, 7-B6-1-biotin; MABTECH) was added to each well. After incubation for 2 h at 37°C, plates were washed and developed with streptavidin-alkaline phosphatase (1 g͞ml; MABTECH) for 1 h at room temperature. After washing, substrate (5-bromo-4-chloro-3-indolyl phosphate͞nitroblue tetrazolium; Sigma) was added and incubated for 5 min. After final washes, plate membranes displayed dark-violet spots that were counted under the microscope.
For CYTOSPOT assay (intracellular staining of cytokines), NSCLC, non small cell lung cancer. *NY-ESO-1 mRNA tumor expression and serum antibody detected as described (10) .
presensitized CD8
ϩ T cells were incubated with target cells at a 1:2 ratio in 300 l serum-free medium (X-VIVO-15) in the presence of brefeldin A (10 g͞ml; Sigma) for 4.5 h. Cells were fixed, permeabilized (Becton Dickinson), and stained with Tricolor-labeled CD8 mAb (Caltag) and FITC-labeled IFN-␥ mAb (PharMingen) at room temperature for 15 min. Results were analyzed by flow cytometry by gating on CD8 ϩ lymphocytes.
Results

Spontaneous T Cell Responses to NY-ESO-1 Peptides.
PBLs from patient NW1307 with preexisting immunity to NY-ESO-1 were presensitized in vitro with peptides S9C or S11L (peptides described in Fig. 1 ). Peptides S9C and S11L were equally recognized by CD8 ϩ T cells after stimulation with either S9C or S11L, indicating that the two peptides either cross-reacted or shared the same epitope, both as immunogen and antigen ( Fig.  2A) . The simultaneous S9C and S11L response pattern was characteristic of previous monitoring studies with NY-ESO-1 peptides in nonvaccinated HLA-A2 patients (12) .
T Cell Responses After Vaccination with NY-ESO-1 Peptides S9C and
S11L. In contrast with these initial observations, discrepancies were found upon monitoring T cell responses of cancer patients immunized with peptides 157-165 (S9C) and 157-167 (S11L), within the context of three independent clinical trials. As a consequence of vaccination, patients with no detectable preexisting immunity to NY-ESO-1 often developed T cell reactivity against S11L in the absence of S9C responses (example for patient PI-E01 in Fig. 2B, cf. ref. 4) . In most patients, S9C responses, if any, appeared later than S11L responses during the course of vaccination (4). Because both S9C and S11L were used for immunization, this discrepancy showed that S11L had the capacity to stimulate a specific response, distinct from S9C.
To define this response, peptide 159-165, L9L, was synthesized as a second nonamer peptide included in the sequence of S11L (Fig. 1 ). Fig. 2B shows that patient PI-E01, who responded to S11L but not S9C stimulation, could recognize L9L by ELISPOT after S11L stimulation. Similarly, patient ES-E03 also showed reactivity to the L9L peptide after stimulation with S11L, but not stimulation with S9C (Fig. 2C) . Thus, it appeared S11L and L9L had a similar antigenic profile in these vaccinated patients.
To analyze this L9L response further, PBLs from several patients were presensitized and expanded in vitro with peptides S9C, S11L, and L9L separately, or with naturally processed NY-ESO-1 expressed from recombinant adenovirus (Ad͞ESO). Peptide-specific T cells were stained with tetramers of S9C, S11L, or L9L peptides in complex with HLA-A2 recombinant molecules.
Patient NW1288 was representative of nonvaccinated patients with preexisting immunity. CD8 ϩ T cells from this patient showed staining with only the S9C tetramer, after stimulation with S9C, S11L, or Ad͞ESO, but not with L9L (Table 2 ). In this natural setting, L9L reactivity was not seen.
Conversely, patient NW886, who had no preexisting immunity to NY-ESO-1 and was vaccinated with peptides S9C and S11L, failed to respond to S9C. Rather, CD8 ϩ T cells from this patient showed staining with only the L9L tetramer (Table 2 ). There was no reactivity to S9C despite vaccination with this peptide and no staining with S11L-tetramers despite S11L reactivity by ELIS-POT (not shown). Cells stained with L9L tetramers were obtained after S11L stimulation, but not after S9C or Ad͞ESO stimulation (Table 2) .
Similarly, for patient NW924, who had preexisting immunity to NY-ESO-1 and received peptide vaccination, L9L tetramers were also detected in response to S11L stimulation, alongside existing S9C reactivity (Table 2) . Stimulation with naturally processed NY-ESO-1 from recombinant adenovirus was not able to recall L9L-specific responses ( Table 2) .
The time course for the development of L9L reactivity in patient PI-E01 after vaccination with S9C and S11L is shown in Table 3 . Reactivity to L9L was not seen before vaccination, but appeared during the course of vaccination. Tetramer results correlated with ELISPOT assays (Table 3) .
A characteristic peptide titration assay with CD8 ϩ T cells from vaccinated patients is shown in Fig. 3 . After presensitization with L9L, T cells from patient 109͞ANS recognized L9L at peptide concentrations down to 1 nM. Peptide S11L recognition also occurred but at lower avidity (Fig. 3) .
To determine the cross-stimulation and cross-recognition capacity of NY-ESO-1 peptides, a patient with no preexisting immunity to NY-ESO-1, but responding to both S9C and S11L after S9C and S11L vaccination, was analyzed. Peptides S9C, S11L, or L9L were used to presensitize CD8 ϩ T cells from patient ES-E03. All peptide-stimulated T cells could recognize S11L as a target antigen in ELISPOT assays, whereas S9C and L9L reactivities were mutually exclusive (Fig. 4) .
Patient NW415, who also had no preexisting immunity to NY-ESO-1 and was vaccinated with S9C and S11L, demonstrated a wide range of tetramer staining, especially with the S11L tetramer that was otherwise rarely observed in vaccinated patients (Fig. 5 ). This pattern indicated that S11L did not require trimming by cellular peptidases to be recognized by CD8 ϩ T cells. Interestingly, costaining with T cell activation marker CD62L (16) indicated that cells stimulated with S11L had three distinct patterns as detected by the three different tetramers (Fig. 5 Center) . S9C-specific cells appeared CD62L ϩ whereas S11L-and L9L-specific cells had respectively intermediate and low CD62L profiles. This finding indicated that a single peptide, S11L, was capable of stimulating up to three distinct T cell populations with different specificities within the same culture, as detected by their various activation stages. In the absence of S9C reactivity, however, this pattern was not seen. CD8 ϩ T cells from patient PI-E01 specific for L9L were incapable of recognizing EBV-B targets infected with vaccinia virus recombinant for NY-ESO-1 (Fig. 6B) . Similarly, L9L-specific cells did not produce IFN-␥ in response to SK-MEL-37, NW-MEL-38, or MZ-MEL-19 (Fig. 6B) , despite NY-ESO-1 and HLA-A2 expression by all of these tumor cell lines, suggesting that L9L is not presented by these melanoma cells.
However, after treatment of SK-MEL-37 with IFN-␥, L9L-specific responses were triggered at a low level (Fig. 6B ). Similar observations were made with NW-MEL-38 treated with IFN-␥ (not shown). To determine whether IFN-␥ treatment was acting by changing the pattern of processing of NY-ESO-1 (17), DCs were used as a source of professional APCs (18) . DCs have the capacity to process and present antigens from an exogenous source when given in the form of ICs of protein bound to a specific antibody (15, 19) . The full-length NY-ESO-1 protein was incubated with NY-ESO-1-specific mAb ES121 and pulsed on DCs from a healthy HLA-A*0201 donor. Under these conditions, L9L-specific T cells could recognize DCs fed with NY-ESO-1 ICs at levels comparable to DCs pulsed with exogenous L9L peptide (Fig. 7) . There was no specific recognition by L9L-specific CD8 ϩ T cells of control ICs formed with MAGE-A1 protein and specific MA454 antibody, or with NY-ESO-1 protein and MAGE-A1-specific antibody MA454 (Fig. 7) .
Together, these data suggest that L9L peptide may be generated by the processing of NY-ESO-1 ICs by DCs, but not constitutively by other APCs, i.e., tumor cells expressing NY-ESO-1 or B lymphoblastoid cells after transfection with NY-ESO-1-coding viral vectors.
Discussion
In this study, we describe T cell recognition in the context of HLA-A*0201 of three overlapping epitopes included within Fig. 3 . Peptide titration assay with CD8 ϩ T cells from patient 109͞ANS immunized with NY-ESO-1 peptides S9C and S11L. PBLs were obtained 85 days after initiation of vaccination. CD8 ϩ T cells were presensitized with L9L and tested on day 11 by CYTOSPOT assay measuring IFN-␥ production against T2 cells pulsed with different concentrations of L9L or S11L.
Fig. 4.
Analysis of cross-stimulation and cross-recognition of NY-ESO-1 peptides S9C, S11L, and L9L. ELISPOT with CD8 ϩ T cells from vaccinated patient ES-E03 presensitized with the different NY-ESO-1 peptides and tested at day 9 against T2 cells pulsed with S9C (vertical stripes), S11L (solid), L9L (horizontal stripes), or without peptide (open). CD8 ϩ T cells from patient PI-E01 were presensitized with S9C or S11L and tested at day 10 with tetramers made with S9C or L9L, and by ELISPOT assay with T2 cells pulsed with S9C or L9L (spots for T2 cells without peptide are shown in parentheses). Bold numbers represent detectable increases. No response to S9C was seen in this patient.
region 157-167 of NY-ESO-1: 157-165 (S9C), 157-167 (S11L), and 159-167 (L9L).
Peptide S11L is recognized by both S9C-and L9L-specific CD8 ϩ T cells in vitro. Cross-reactivity, epitope sharing, or partial peptide degradation may explain this dual antigenicity, because S11L includes both epitopes. As an immunogen, S11L is able to restimulate both S9C-and L9L-specific CD8 Table 4 ).
Thus far, in the monitoring of HLA-A2 patients for NY-ESO-1 reactivity, peptides S9C and S11L were used to recall and amplify spontaneous responses after a single in vitro stimulation. Patients with natural immunity to NY-ESO-1 are responsive against S9C, and S11L is capable of recalling S9C-specific cells in vitro. Responses specific for S11L are not seen alone in the absence of S9C reactivity. In this natural setting, S11L fails to recall L9L responses (Tables 2 and 4 , Fig. 2 ).
Reactivity against peptide L9L develops as a result of vaccination (Table 3) . Patients with NY-ESO-1 immune responses do not appear to respond to L9L spontaneously. As early as 4 weeks after vaccination with peptide S11L, reactivity develops against both S11L and L9L, as detected after a single stimulation in vitro. Peptides S11L and L9L have overlapping specificities, e.g., either cross-react or share the same epitope, although L9L is recognized at greater affinities by T cells compared with the parental peptide S11L used for immunization. Thus, in the absence of spontaneous immunity to NY-ESO-1, it appears that S11L preferentially induces L9L-specific T cells, rather than S9C-specific T cells. In other words, patients that do not have a spontaneous T cell response to S9C will instead be more likely to develop L9L reactivity as a result of vaccination with S11L. Strong S11L and L9L reactivities emerge earlier than S9C reactivity in patients vaccinated with both S9C and S11L. Even in patients with natural S9C reactivity, L9L-specific responses appear as a result of vaccination with S11L. Patients with natural immunity to NY-ESO-1 S9C ϩ ϩ Ϫ S11L ϩ ϩ Ϫ L9L Ϫ Ϫ Ϫ Vaccinated patients responding only to peptide S11L (no preexisting immunity) S9C Ϫ Ϫ Ϫ S11L Ϫ ϩ ϩ L9L Ϫ ϩ ϩ Vaccinated patients responding to both peptides S9C and S11L
Within the NY-ESO-1 sequence, peptide L9L has the strongest binding capacity to HLA-A2 as indicated by predictive algorithms (20) . Affinity and stability of peptides to HLA molecules have been shown to correlate with their intrinsic immunogenicity (21, 22) . This finding could explain the preferential immunogenicity of L9L after S11L immunization.
However, prediction software for constitutive proteasome cutting does not suggest a cleavage signal after residue 167, indicating that S11L and L9L should not be produced from NY-ESO-1 protein. In contrast, residue 165 is recognized as a cleavage site, which would result in the S9C peptide production (23) . Thus, the absence of L9L-specific T cell recognition of NY-ESO-1, either from tumor cells or recombinant viral vectors, could be explained on the basis of the natural processing of NY-ESO-1 in these cells. Even though T cells against L9L appear fully activated and have high affinity, they do not recognize NY-ESO-1-expressing tumor cells or B cells expressing the full-length NY-ESO-1 gene.
We have, however, found that L9L-specific T cells can recognize NY-ESO-1 presented by DCs after processing of NY-ESO-1 ICs, or by tumor cells after IFN-␥ treatment. A common feature of these APCs is the up-regulation of proteasomebinding subunits affecting the processing of antigens, either after maturation of DCs with IC (15, 18, 19) or by IFN-␥ treatment (17) . Peptide L9L could thus be a new candidate in the category of epitopes resulting from the action of the immunoproteasome, as recently described for a peptide processed from MAGE-A3 (24) . Further studies need to be carried out with purified immunoproteasome or transfected cell models to confirm this hypothesis.
In conclusion, synthetic peptide S11L used in vaccination provides a strong anchor residue in the last position for binding to HLA-A2, which may preferentially recruit a T cell repertoire for L9L rather than S9C as the best-fitted epitope within S11L. Because this epitope is not naturally processed͞presented by NY-ESO-1-expressing tumor cells, use of S11L in vaccine strategies needs to be questioned. However, under certain circumstances, some tumors may express immunoproteasome rather than the constitutive proteasome if IFN-␥ is present in the local environment (25) , and could thus become a target for L9L-specific T cells. Another possible derivative effect of S11L is that it may offer a helper effect during vaccination, because its sequence falls within NY-ESO-1 region 157-170 recognized by CD4 ϩ T cells in the context of HLA-DP4 (26) . Although shorter than classical class II restricted peptides, S11L represents a strong immunogenic region that could contribute to a favorable environment for the development of tumor-specific T cells.
This study reveals an unexpected complexity of CD8 ϩ T cell responses to a single NY-ESO-1 peptide, S11L. This peptide contains a cryptic epitope with dominant immunogenicity upon vaccination, which unlike subdominant epitopes described in mice tumor models (27) , may skew the immune response away from tumor recognition (28) . This finding would not have been evident from monitoring the spontaneous immune reactions to NY-ESO-1, and it emphasizes the importance of analyzing vaccinated patients to uncover the full repertoire of peptide epitopes recognized by T cells.
